ABSTRACT The objective of this research was to evaluate the change in abundance of S14 and fatty acid synthase (FAS) mRNAs under a variety of nutritional conditions to evaluate the hypothesis that the regula tion of the S14 gene is similar to that of other proteins involved in lipid metabolism and that changes in S14 expression are comparable to those that occur in FAS expression. Livers from rats fed a high carbohydrate diet were found to contain 350-and 100-fold more S14 and FAS mRNA than livers from rats fasted for 48 h. Although feeding a high fat diet increased S I4 and FAS mRNA above fasting (P < 0.05), the level of SI4 and FAS mRNAs was only 5% and 4%, respectively, of the amount in the high carbohydrate group. Both SI4 and FAS mRNAs accumulated quickly upon intubation of fasted rats with a solution of sucrose. The earliest rise in these mRNAs occurred within 60 min; by 240 min after gavage, each mRNA had increased 30-fold. The rapid induction of FAS and SI4 mRNAs was also observed during ingestion of a high glucose meal. Hepatic FAS and S14 mRNA decreased 80-90% and 60%, respectively, during the 21-h interval between meals. This degree of mRNA loss was estimated to require a half-life for FAS and S14 mRNA of < 8 h and < 12 h, respectively. Regression analysis of the three dietary studies revealed a correlation coefficient for the relationship between SI4 and FAS mRNA abundance ranging between 0.88 and 0.96. Such a high correla tion coefficient supports the hypothesis that the SI4 gene may have potential as a model for study of expression of proteins involved in lipid metabolism. J. Nutr. 120:218-224, 1990.
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The mRNA coding for the rat liver SI4 protein (mRNA S14) is found in high abundance in lipogenic tissues (1) (2) (3) (4) (5) , and its regulation of expression shares many characteristics with adaptive proteins involved in lipid metabolism. These similarities include tissue dis tribution, induction during postnatal development and adaptations to hormonal manipulations (1) (2) (3) (4) . These patterns of similarity have led to the speculation that the S14 protein may be involved in lipid metabolism (2) , but its function has not yet been identified. Neverthe less the S14 gene has been proposed as a model for study of multihormonal control of lipogenic proteins (1) (2) (3) (4) (5) (6) . If S14 is representative of the family of proteins involved in fat synthesis, then this gene provides key advantages over many other genes coding for lipogenic proteins (i.e., high abundance and a large body of available structural and sequence data in the 5'-flanking region of the gene) (4) .
In light of the potential usefulness of the S14 gene as a model for lipogenic enzymes [e.g., fatty acid synthase (FAS)], and thereby as an aid in the identification of a fatty acid suppressor of lipogenic genes, it became es sential to establish the relationship between S14 and FAS expression. The hypotheses of these studies were that S14 is a gene that codes for a protein involved in lipid metabolism and that changes in its mRNA abun dance were qualitatively and quantitatively similar to those in rat liver FAS mRNA. This proposed relation ship between S14 and FAS was examined under a variety of nutritional conditions (fasting/refeeding, meal pat tern, high carbohydrate diet and high fat diet) and it was defined in terms of the regression between S14 and FAS mRNA abundance. Porter's pR-FAS 17 (7, 8) . Sequence analysis of pRFAS-17 using the dideoxy-DNA method for direct sequencing of a plasmid (9) was applied to confirm that the pRFAS-17 contained an insert representing rat FAS. FAS-17 was in fact found to correspond to rat FAS (refer to the Results section); therefore, the FAS-17 insert was utilized in a Northern analysis of rat liver RNA to establish hybrid ization specificity and to determine whether FAS-17 hybridized to an mRNA of sufficient size to encode FAS.
MATERIALS AND METHODS

Validating the FAS
RNA extraction, Northern analysis and quantifica tion of S14 and FAS mRNA abundance. Total RNA of liver and adipose was isolated from a guanidinium isothiocyanate extract by centrifugation on a cesium chlo ride cushion (10) . Transfer RNA was extracted from the total RNA precipitate by washing with 3 M sodium acetate, pH 5.0 (4). RNA was subjected to Northern analysis if the ratio of the absorbance at 260 nm to that at 280 nm exceeded 1.85. RNA was considered to be of high quality if the mRNA hybridized by random labeled FAS-17 insert cDNA was intact as judged by tight band ing and the absence of smearing.
Total RNA was fractionated by size in a 1.2% agarose gel using glyoxal as a dÃ©naturant (11) . In essence, total RNA (5-10 ug) was dried in a speed-vac and redissolved in 10 uL of 1 M deionized glyoxal, 75% dimethyl sulfoxide (DMSO), 15 mM sodium phosphate, pH 6.8, and 0.15% sodium lauryl sulfate (SDS). The RNA solution was heated 30 min at 50Â°Cand samples were subse quently chilled on ice. The RNA solution was adjusted to 10% sucrose containing bromophenol blue and xylene cyanol and applied to the gel. Electrophoresis was conducted at 50-55 V for 12-14 h in 10 mM potassium phosphate, pH 6.7. The buffer was continuously recirculated. Following electrophoresis the gel was washed 15-20 min in Ix TAE (0.04 M Tris-acetate/0.001 M EDTA, pH 7.6) and electroblotted (1.3-1.5A, 1.5 h) onto a nylon membrane (Zeta Probe, Bio-Rad, Richmond, CA).
The RNA was fixed to the nylon membrane by UV crosslinking.
Prehybridization of the membrane in volved washing in 0.1 x SSC (20x SSC is 3 M NaC 1/0.3 M sodium citrate, pH 7.0) plus 0.5% SDS at 65Â°Cfor 2 h, followed by 1 h at 42Â°C in 200 mM Tris-Cl, pH 7.5, O.lx SSC and 0.5% SDS. Finally, it was washed 6-12 h at 42Â°C in 50% formamide, 5x SSC, lOx Denhardt's solution (lOOx Denhardt's solution contains 2% skim milk, 2%
Ficoll and 2% polyvinylpyrrolidone w/v), 50 mM potas sium phosphate, pH 6.7, 1 mM EDTA, 1% SDS and 500 ug/mL denatured salmon sperm DNA. Hybridization of the RNA utilized 100 ng random primed insert from pRFAS-17 or from the pRS14 exoPEII-8 (4, 12) . The inserts were radiolabeled by random priming (BRL, Gaithersburg, MD) and [32P]dCTP incorporation (Amersham-Searle, Boston, MA). These inserts are specific for their respective mRNAs and do not cross-hybridize. The hybridization solution contained 50% formamide, 5x SSC, 5x Denhardts, 50 mM potassium phosphate, pH 6.7, 1 MM EDTA, 1% SDS and 100 ug/mL denatured salmon sperm DNA. Hybridization was conducted for 18 h at 42Â°C.Following hybridization the membrane was washed first with 40 mM potassium phosphate, pH 7.2, 1 mM EDTA, 0.5% fatty acid free albumin and 5% SDS (two 15-min periods at 68Â°C). Second, the mem brane was washed with 40 mM potassium phosphate, pH 7.2, 1 mM EDTA and 1% SDS at 68Â°C for four 15-min periods. Finally, the membrane was washed at room temperature for 20 min in 0. Ix SSC. After the membrane was blotted dry, it was wrapped in plastic wrap and exposed to x-ray film for 24 h. The extent of hybridiza tion was quantified using laser densitometry.
The relative abundance of FAS and SI4 mRNAs was quantified by slot-blot analysis, in which the average integrated area per microgram of RNA was calculated from the average slot intensity for 0.5, 1 and 2 ug total RNA per sample. Total RNA was diluted with water to a volume of 100 uL. To this solution was added 300 uL of lOx SSC plus 6.15 M formaldehyde. The mixture was denatured by heating it 15 min at 65Â°C. A volume of 300 uL of denatured RNA was applied to a nylon membrane (ZetaProbe, Biorad, Richmond, CA) that had been pre viously equilibrated in lOx SSC. Subsequently, each slot was rinsed with 400 uL of lOx SSC, the membrane was air-dried and the RNA was cross-linked by UV exposure.
The membrane was prehybridized and mRNA hy bridized as previously described for Northern analysis using 300 ng per 72-well blot of random primed cDNA insert (IO8 dpm/ug cDNA) in a 10-mL volume (IO6 dpm/mL).
Response of S14 and FAS to high carbohydrate or high fat diets. Male Sprague-Dawley rats (250-300 g, Upjohn colony, Kalamazoo, MI) were given ad libitum access to a high glucose, fat-free diet for 6 d or to a high fat, low carbohydrate diet for 6 d or were fed a nonpurified diet (Purina Rat Chow, Purina, St. Louis, MO) prior to fasting for 48 h. The high carbohydrate diet was a semipurified diet containing the following (g/100 g): cerelose, 72; casein, 20.0; cellulose, 3.0; D,L-methionine, 0.3; vitamin mix (13) 0.4 and mineral mix (13), 4.0. The high fat diet consisted of the following (g/100 g): cerelose, 27.31; corn oil, 16.33; tallow, 16.33; casein, 27.61; cellulose, 0.41; methionine, 0.41; choline chlo ride, 0.28; vitamin mix (13), 1.38 and mineral mix (13), 4.83. Rats were killed between 0800 and 1000 by ether anesthesia. A portion of the liver was homogenized immediately in guanidinium isothiocyanate and total RNA was isolated by centrifugation on a 5.2-M cesium chloride-0.1 M EDTA (pH 8.0) cushion (10) .
Kinetics of induction of S14 and FAS mRNA. Male Sprague-Dawley (250-300 g) rats (Upjohn colony) pre viously maintained on a nonpurified diet (Purina, St. Louis, MO) were fasted 48 h (time 0). These animals were subsequently given a 60% sucrose solution by gavage at 1 mL per 100 g body weight. Four rats were killed at 0, 5, 15, 30, 60, 120 and 240 min after gavage.
-GTG-CTA-GAG-GCC-CTG-CTA-CCA-CTG-AAG-AGC-CTG val-leu-glu-ala-leu-leu-pro-leu-lys-ser-leu -GAG-GAC-CGG-GTT-GCT-GCT-GCT-GTG-GAC-CTC-ATC glu-asp-arg-val-ala-ala-ala-val-asp-leu-ile -ACT-AGA-AGC-CAC-CAG-AGC-CTG-GAC-CGC-CGT-GAC thr-arg-ser-his-gln-ser-leu-asp-arg-arg-asp -CTG-AGC-TTT-GCT leu-ser-phe-ala FIGURE 1 Partial nucleotide sequence of rat liver fatty acid synthase (FAS)cDNA and the corresponding predicted amino acid sequence. A putative cDNA to rat liver FAS was partially sequenced as described in the Methods section. The nucleotide and predicted amino acid sequences are identical to the nucleotide sequences 879-989 and amino acid sequence 178-215, respectively, reported by Naggert et al. (15) for rat mammary FAS.
Total RNA was isolated as previously described and the abundance of S14 and FAS mRNAs was quantified by hybridization.
Influence of meal ingestion on S14 and FAS mRNA in liver and adipose. Male Sprague-Dawley rats (175-225 g, Upjohn colony, Kalamazoo, MI) were conditioned to a meal-feeding regimen (14) . Rats were provided ac cess to food between 0830 and 1130 h. The adaptation period to meal-feeding was 10 d. The diet during the adaptation and experimental period was a fat-free diet (glucose and casein constituted 80% and 20% of dietary energy, respectively) described by Clarke et al. (14) that was supplemented with 10% triolein; i.e., 100 parts fat-free diet plus 10 parts triolein (99% purity, Sigma Chemical, St. Louis, MO). On d 11 of meal feeding, four rats were killed before the meal (premeal) and four rats were killed exactly 3 h after the meal was presented (postmeal).
Hepatic and epididymal adipose tissue samples were quickly removed and frozen in liquid nitrogen. The frozen tissues were pulverized by mortar and pestle in liquid nitrogen. The frozen powder was homogenized (20 mL/g) in guanidinium isothiocyanate extraction buffer and RNA was isolated on a cesium chloride cushion as previously described. Final RNA pellets were dissolved in water (0.3-0.5 ug RNA/mL).
Data analysis. The relative abundance of FAS and S14 mRNAs was quantified from laser densitometry. Two methods of data expression for relative mRNA abundance were utilized in these studies and are noted in the table and figure legends. The first method pres ents data as a ratio of autoradiographic intensity per microgram of RNA (unknown) to intensity per microgram of RNA (reference), where reference RNA repre sents RNA isolated from a single rat previously fed a nonpurified diet (Purina, St. Louis, MO). The second method simply presents data as the average autoradio graphic area intensity, as determined by laser densitom etry, per microgram of RNA for triplicate samples (0.5, 1.0 and 2.0 ug RNA). Because the number of FAS and S14 transcripts are unknown in each sample, an abso lute numerical comparison of FAS vs. S14 intensities is not valid; the only legitimate comparison between FAS and S14 is the relative change (e.g., fold induction) and pattern of change that the two mRNAs undergo. Data were analyzed by one-way analysis of variance. Treat ment effects were separated using Duncan's multiple range test at P < 0.05 level of significance. The potential of S14 as a predictor of FAS mRNA expression was examined by linear regression comparing S14 and FAS mRNA abundance within the same liver RNA samples extracted from animals exposed to various dietary ma nipulations.
RESULTS
Authenticity
of fatty acid synthase cDNA. While we conducted this work, the nucleotide sequence of a cDNA and predicted amino acid sequence for the thioesterase region of rat mammary FAS was published (15) . This sequence included the entire 3'-nontranslated re gion. Our partial sequence for rat liver FAS-17 cDNA (Fig. 1 ) of 110 nucleotides was identical to that of the rat mammary cDNA region of 879-989 (15) . This region represents a peptide fragment of 37 amino acids in the C-terminus end of FAS. Of particular importance was the determination that the 58 amino acid region pre dicted by cDNA sequence had been confirmed by amino acid analysis (15) . Based on these data, FAS-17 cDNA was considered an authentic clone to rat liver FAS mRNA.
Northern analysis of rat liver total RNA (Fig. 2 ) revealed that our FAS cDNA hybridized specifically to two mRNAs with approximate size of 8 and 8.5 kilobases, which is in agreement with recently reported values (16) . pRSi4 cDNA hybridized specifically to two mRNAs approximately 1.3 and 1.8 kilobase in size (3). Both FAS mRNAs are of sufficient size to code for FAS protein. Furthermore, the doublet for FAS mRNA hy brids also occurs in adipose tissue (Fig. 2) . The difference in size between the two messages reflects the presence of two polyadenylation signals within the transcript (15) . The smaller FAS transcript constituted 63 Â± 1% and 61 Â± 2% of the total FAS mRNA in the liver and adipose, respectively. The hepatic abundance of the FAS mRNA was 10% of that in the adipose tissue.
Response ofS14 and FAS mRNA to high fat and high carbohydrate diets. Although two messages exist for FAS and S14, both messages increased and decreased with dietary manipulations to the same extent (data not shown). Therefore, slot-blot analysis was utilized to quantify changes in S14 and FAS mRNA abundance. The change in liver S14 mRNA abundance in response to fasting and high fat or high carbohydrate diets was comparable to that of FAS mRNA. For example, the high FIGURE2 Northern analysis of hepatic and adipose fatty acid synthase (FAS)and S14 mRNA. Total RNA was extracted from liver and adipose as described in the Methods section. Northern analysis was conducted in a 1.2% agarose gel using glyoxal denaturation. Lanes 1 and 2 represent 5 and 10 ug of total liver RNA. Lanes 3 and 4 represent 1.5 and 3.0 (igof total adipose RNA. Hybridization was conducted as described in the Methods section.
carbohydrate diet in comparison to the high fat diet increased the abundance of S14 and FASmRNAs 25-and 27-fold (Table 1) .Regression analysis comparing S14 and FAS mRNAs revealed a correlation coefficient of 0.90.
Kinetics of S14 and FASinduction. The kinetics of S14 and FAS mRNA induction are presented in Figure  3 , and the regression between S14 and FAS mRNA is presented in Figure 4 . The onset of induction and the rate of induction were comparable for both mRNAs. This was supported by a correlation coefficient of 0.96 
0.17Â±0.05b (4) 0.05 Â± 0.02b (4) 'Values with different superscripts within a row are significantly different P < 0.05 as determined by ANOVA and Duncan's Multiple Range Test to rank the means. Data for mRNA abundance as expressed using the ratio method (refer to the Methods section! with reference RNA. Data are expressed as means Â±so,-numbers in parentheses represent the number of observations. for the relationship between S14 and FASmRNA abun dance (Figure 4) .
Influence of meal ingestion on S14 and FASmRNA abundance in liver and adipose. A second paradigm used to examine the utility of S14 as a predictor of FAS was the fluctuation in mRNA abundance associated with meal feeding. The pronounced difference in S14
Minutes after sucrose gavage FIGURE 3 Sucrose induction of rat liver fatty acid syn thase (FAS)and S14 mRNA. Rats were fasted for 48 h, subse quently given a sucrose solution by gavage (refer to the Methods section) and killed at the times indicated. Total liver RNA was extracted (refer to the Methods section) and the content of FASand S14 mRNA determined by slot-blot anal ysis. Data are expressed as a ratio of intensity unknown to intensity reference RNA. Values are for means + SEM,n = 5 rats per treatment. Hatched bars are FASmRNA and solid bars are S14 mRNA. Relationship between liver S14 and fatty acid synthase (FAS) mRNA abundance following sucrose induc tion. This figure depicts the regression analysis comparing FAS and S14 mRNA abundance in the liver of rats given sucrose by gavage (refer to Fig. 3 ). The slope of the line was 0.802 Â± 0.042; y-intercept was 0.0002; r = 0.964. and FAS mRNA abundance before and after ingestion of a high carbohydrate meal is shown in Figure 5 . Hepatic FAS and S14 mRNAs increased six-to eightfold and threefold, respectively, when rats consumed a high glu cose meal. During the 21 h (i.e., premeal values) follow ing meal ingestion, FAS and S14 mRNAs decreased 80-90%. Regression analysis of the relationship be tween S14 and FAS mRNA indicated a correlation coef ficient of 0.885. Whereas hepatic FAS and S14 mRNAs displayed a pronounced diurnal pattern, the relative abundance of these mRNAs in adipose tissue was much less sensitive to between-meal fluctuations in concen tration (Fig. 6 ). S14 mRNA abundance in adipose tissue was unaffected by the 21-h interval between meals (i.e., premeal vs. postmeal), and FAS changed abundance only about 30%.
DISCUSSION
The high correlation in abundance of S14 mRNA and FAS mRNA under a variety of conditions gives credence to our hypothesis that changes in S14 mRNA are reflec tive of changes in FAS mRNA abundance and strength ens the contention that the S14 protein may be involved in lipid metabolism. This was best exemplified by the
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FIGURE 5 Induction of rat liver fatty acid synthase (FAS)
and S14 mRNA resulting from meal ingestion. Total RNA was extracted from liver of rats before and after consumption of a high glucose meal. FAS and S14 mRNA abundance was quan tified by slot-blot hybridization analysis. Abundance of each mRNA is expressed as absorbance area units determined by laser densitometry analysis of the autoradiograph. Data are expressed as means Â± SEM,n = 5 rats/treatment.
The hatched and solid bars represent FAS and S14 mRNA, respectively. 0-Hours represents premeal or can be viewed as 21 h postmeal. similarity of pattern of induction of S14 and FAS mRNAs (r = 0.964) when fasted rats were given sucrose by gavage (Fig. 3) . In addition to qualitative similarities, the magnitude of induction was comparable for the two mRNAs (e.g., FAS mRNA and S14 mRNA had increased 30.5-and 35.2-fold, respectively, at 240 min after ga vage).
Because the protein product of S14 has not yet been identified, nothing can be said about the relationship between S14 protein level and its mRNA abundance. However, the relative abundance of the FAS mRNA agrees well with the vast literature reporting the relative synthesis rate of fatty acid synthase under similar di etary conditions (8, 17, 18) . For example, the low rate of FAS synthesis associated with fasting (8, 17, 18) is re flected in a low abundance of FAS mRNA (Table 1, Fig.  3) . Similarly, the accelerated rate of FAS synthesis ac companying refeeding (8, 17, 18) can be attributed to the rise in its mRNA content (Fig. 3, 5) . In vitro translation of hepatic polysomes has suggested that feeding fat decreased the number of FAS mRNA templates re cruited for translation (17) ; our data unequivocally 6 Induction of rat adipose fatty acid synthase (FAS) and S14 mRNA resulting from meal ingestion. Total RNA was extracted from epididymal fat pads of rats before and after consumption of a high glucose meal (refer to the Methods section). FAS and SI4 abundance was quantified by slot-blot hybridization analysis as described for Figure 5 . The hatched and solid bars represent FAS and S14 mRNA, respectively. demonstrate using cDNA hybridization that rat liver FAS mRNA is decreased by dietary fat and varies with feeding pattern (Fig. 3, 5 ; Table 1 ). Moreover, these data demonstrate that the positive correlation between FAS synthesis (7, 17) and its mRNA abundance (e.g., Table  1 ) occurring in rat liver is comparable to that which is observed for synthase in avian liver (19) , as well as other for rat liver lipogenic enzymes (20, 21) .
Interestingly, the meal-fed rats, showed a diurnal fluctuation in the abundance of hepatic S14 and FAS mRNAs, which is most likely due to the periodicity of food ingestion (22) . In this regard FAS mRNA displayed a greater between-meal variation than did the S14 mRNA. As an example, during the 3-h period of meal ingestion, liver FAS mRNA content increased 500%, whereas S14 mRNA increased 240%. Similarly, the loss of FAS mRNA during the 21 h following the meal was 85%, whereas the loss of S14 was 60%. The decrease in FAS mRNA abundance that occurred during the 21 h following a meal would require the FAS mRNA to have a half-life of < 8 h, which is similar to the 6-h half-life reported for chick liver FAS mRNA (19) . Although the amount of FAS mRNA declines between meals, the activity of FAS protein remains essentially unchanged between meals (23). Thus, the synthesis of liver fatty acids from glucose, which reaches its peak 30-60 min after rats begin to consume a high glucose meal (24) , can be accommodated by the existing FAS protein, but maintenance of the FAS pool requires production of new FAS mRNA.
Factors that control the turnover rate of FAS must be tissue-specific because the reduction in FAS and S14 was much more dramatic in the liver than that which occurred in adipose tissue. In fact, S14 mRNA abun dance in adipose tissue was not affected by meal inges tion. The difference in mRNA stability between the liver and adipose tissues may be related to the hormonal and metabolite signals received by the respective tis sues.
In summary, a cDNA was used to examine liver FAS expression at the pretranslational level. The abundance of rat liver FAS mRNA was found to vary with dietary conditions. The pattern and magnitude of change in mRNA FAS abundance was comparable to that found for S14. These data add support to the hypothesis that S14 codes for a protein involved in lipid metabolism. More importantly, the dietary determinants of FAS gene expression appear to be the same as those controlling S14 expression. Thus, S14 continues to have great po tential as a model gene to identify cis regulatory ele ments in lipogenic genes that may be responsive to nutrient control.
